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ABSTRACT OF THESIS
TOPOGRAPHIC GRADIENTS IN BULK SOIL PROPERTIES
IN CENTRAL KENTUCKY KARST SINKHOLES
The Bluegrass physiographic region of Kentucky is underlain by the late Ordovician
Lexington Limestone formation. This area has many identifiable karst features, including
sinkholes. Karst sinkholes and associated soils coevolve, which may influence the
distribution of bulk soil properties and storage of carbon across karst landscapes. Two
sinkholes on the University of Kentucky’s C. Oran Little Animal Research Center in
Woodford County, central Kentucky, were selected for analysis. We described and
sampled nine pedons at the dominant landscape positions (e.g., summit, shoulder,
backslope, footslope, and toeslope) within the two sinkholes; we characterized the
physical, chemical, and mineralogical soil properties across the hillslope gradient (i.e.,
toposequence). As a general trend, total carbon content decreased with sampling depth, and
the toeslope and footslope positions contained higher carbon stocks relative to other
landscape positions. Total carbon and silt tended to accumulate in the base of sinkholes,
whereas summit positions exhibited higher clay contents and iron and aluminum oxide
concentrations. The relationship between silt and carbon, and negative relationships
between carbon and clay content, exchangeable Ca, and dithionite-extractable Fe and Al
may suggest that the carbon in the base of these features is less likely to be minerally
associated. An estimated 20% of the world’s land surface is underlain by lithologies
favorable for karst terrain formation making the characterization of the soil in these
landscapes applicable outside of Kentucky’s Inner Bluegrass. Measuring the properties of
soils in karst sinkholes will allow for a better understanding of their place in karst
landscapes, as well as their role in carbon cycling.
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CHAPTER 1. INTRODUCTION
1.1

Thesis Rationale
Karst is a unique type of landscape that forms as the result of the dissolution of

soluble lithologies such as limestone, dolomite, and gypsum (Ford and Williams, 2007).
Karst terrain is characterized by surface and subsurface features that are generally unique
to these areas: sinkholes, sinking streams, caves, and springs. These features are
responsible for the high connectivity of surface- to groundwater, another characteristic of
karst terrain (Rugel et al., 2016; Chen et al., 2018). Karst terrains are responsible for
providing upwards of 25% of the world’s drinking water, as such most research on karst
systems have focused on their hydrologic functioning. A key knowledge gap in our
understanding of karst systems, particularly their hydrologic functioning, is the distribution
of bulk soil physical, chemical, and mineralogical properties across karst landscapes. Soil
properties have a significant influence on vadose zone water dynamics and the movement
of water to the epikarst and phreatic zone (Taylor and Greene, 2005). As such, quantifying
the distribution of bulk soil properties is needed to better predict hydrologic functioning of
these landscapes particularly under future climate change scenarios. This thesis seeks to
fill this knowledge gap by characterizing the bulk soil properties across two karst features
in the Inner Bluegrass region of central Kentucky. The Bluegrass physiographic region of
central Kentucky (divided into the Inner and Outer Bluegrass) is an example of karst terrain
with its rolling hills and fields pockmarked by vegetated depressions (Paylor and Currens,
2001) and is analogous to other humid, mesic karst regions in Kentucky and the eastern
United States.
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1.2

Karst topography: formation, morphology, functioning, and geographic extent
Karst formation processes and morphology
Karst has a unique morphology that other landscapes do not exhibit. Karst

topography is characterized by the rapid dissolution of soluble lithologies, such as
limestones, dolostones, gypsum, and other carbonate rocks (Dreybrodt, 1988; Ford and
Williams, 2007). In general, dissolution of these soluble lithologies occurs through the
action of carbonic acid (Dreybrodt, 1988). Carbonic acid (H2CO3) is formed through the
dissolution of carbon dioxide (CO2) into rainwater or the dissolution of respired CO2 from
plant roots and microbes and organic matter decomposition into soil water (White, 1988;
Ford and Williams, 2007; Phillips, 2016). The carbonic acid, along with the release of
organic acids by plants and microbes, dissolves the carbonate bedrock (Jakucs, 1977;
Jennings, 1985; Dreybrodt, 1988; Gillieson, 1996). For example, dissolution of calcium
carbonate (e.g., limestone) proceeds as:
H2O (l) + CO2 (g) → H2CO3 (aq)

(1)

CaCO3 (s) + H2CO3 (aq) → Ca2+(aq) + 2HCO3-(aq)

(2)

Dissolution is continually occurring in karst sinkholes as long as the needed reactants are
present: soluble rock, liquid water, and carbon dioxide (or other dissolution agent) (White,
1997). The products of these reactions are then leached from the system, which may leave
physical voids within the bedrock forming caves or depressions, which form sinkholes on
the land surface. Soils, specifically soil thickness, may play an important role in controlling
the rates of limestone dissolution and chemical weathering in karst (Dong et al., 2019). The
dissolution of soluble lithologies generates variable hydrologic flowpaths, which
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concentrates dissolution processes and creates the heterogenous geomorphological and
hydrologic patterns found in karst environments (Miller, 1990; Worthington, 2009).
Karst topography is characterized by extensive underground drainage systems (i.e.,
little surface drainage), abundant springs, disappearing streams, cave systems, and
sinkholes (Fig. 1) (adapted from Kentucky Geologic Survey adapted from Paylor and
Currens, 2001).

Figure 1. Idealized rendering of karst topography. Karst topography is highly variable and heterogeneous
with extensive underground drainage systems. Sinkholes and disappearing streams are common features of
karst landscapes and are direct conduits between surface and groundwater. Figure taken from USGS.

There are 6 main types of sinkholes: solution/dissolution, cover-collapse, caprock,
dropout, suffusion/subsidence, and buried (Waltham et al., 2005). Karst sinkholes, also
called dolines, are notorious for the challenges they present to engineering structures in
karst regions; the uncertainty that a soil bridge overlying a karst cave could collapse
increases financial risk and the potential loss for human life. In Kentucky alone, 4,0008,000 cover-collapse sinkholes develop each year (Currens, 2012). These features can
damage buildings and roads, causing upwards of $20 million in damage annually in

3

Kentucky (Currens, 2012). Techniques that use LiDAR, ground-penetrating radar (GPR),
spatial statistics, and machine learning have been used to identify and predict the formation
and growth of sinkholes in karst regions (e.g., Cahalan and Milewski, 2018; Hofierka et
al., 2018; Panno and Luman, 2018; Sevil et al., 2020; Zhu et al., 2020).

Figure 2. Example of a subsidence sinkhole, note the soil mantle. This sinkhole was one of the study
locations of the present thesis and is located in Versailles, KY in the Inner Bluegrass Region.

Subsidence sinkholes are the most common type found in the Inner Bluegrass
physiographic region of central Kentucky and these features are the focus of this study
(Fig. 2). Subsidence sinkholes generally form via the down-washing of soil and dissolved
4

solutes into cracks, faults, and fissures in bedrock (Waltham et al., 2005), which
concentrates dissolution processes. Subsidence sinkholes also have a soil mantle over the
soluble bedrock, which may aid in weathering and influence their hydrologic functioning.
The soil mantle overlying the subsidence sinkhole is the focus of this thesis, as this soil
cover may vary across these features and this variability is poorly constrained. Subsidence
sinkholes differ from dissolution sinkholes (although the terms are often used
interchangeably) which have no soil mantle overlying the bedrock (Waltham et al., 2005).
Karst is widespread throughout the world
Karst topography is common throughout the world, with large regions of karst on
most continents. Approximately 20% of the earth’s ice-free terrestrial surface is underlain
by carbonate lithologies (Hartmann and Moosdorf, 2012), and 12% of the world has karst
terrain, with notable karst regions in southern China, Mexico’s Yucatan Peninsula, and
much of the midwestern United States (Sedov et al., 2008). Karst is found extensively
throughout the US, with most karst forming from carbonate lithologies and evaporites (Fig.
3; Weary and Doctor, 2014), which makes the current work directly applicable to similar
carbonate karst regions.

5

Figure 3. Extent of karst regions in the contiguous United States. Most karst in Kentucky is formed in carbonate rocks at or near the surface. From Weary and
Doctor (2014).

Figure 3. Extent of karst regions in the contiguous United States. Most karst in Kentucky is formed from carbonate rocks at or near the surface. From Weary and
Doctor (2014).
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Different karst regions have slightly different structural and geologic controls
which influence the visual and functional characterization of surface karst features
(Scanlon and Thrailkill, 1987). Factors such as the time of platform or geologic unit
emergence, climate, rock type (for example, CaCO3 versus MgCO3), and macro- and
microtopography all impact the appearance of karstic features in the landscape (Bautista et
al., 2011). For example, the Upper Tanglewood Member of the Lexington Limestone
(lithologic unit of the present study) has interbedded layers including shales, which are less
prone to karst feature formation and may disrupt karst expression (Koirala et al., 2016).
The different expressions of karst topography due to these factors also likely has an
influence on the distribution of soil properties as well, but this influence remains uncertain.
Aside from any differences in dissolution rates, all factors controlling karst sinkhole
formation were assumed to be the same between the two present study features, thus, the
present study will examine the influences of topography on soil properties.
Hydrologic functioning of karst systems and relationship to soil properties
Karst systems provide drinking water for approximately 20-25% of the world’s
population (Parise et al., 2015). In karst regions, surface and groundwater are usually
directly connected, often via conduits and sinking streams (Jeannin et al., 2016). However,
unlike non-carbonate terrains, in karst regions surface drainage usually does not mirror
belowground systems, complicating watershed delineations (Luo et al., 2016). As such,
much of the existing research on karst has focused on the hydrology of these regions.
Several studies have investigated the geologic controls on the hydrology of karstic regions
around the world (Jeannin et al., 2016; Nerantzaki and Nikolaidis, 2020; Alves et al., 2021).
These studies found that the identification of underground flow paths in karst regions is
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vital to identifying potential sources of contamination, managing water in karst regions,
and predicting the evolution of these systems. These studies also noted the potential
anthropogenic impacts on carbonate dissolution, which affects above- and belowground
expression of karst features. In addition, there has been a significant focus on the
composition of water in karst regions. The concentrations of dissolved substances
(including dissolved organic and inorganic carbon) have been the focus of numerous
studies which have found that lithology controls the concentrations of many nutrients (e.g.,
Gonneea et al., 2014; Opsahl et al., 2017; Long et al., 2018; Xu et al., 2020). There has
been particular attention paid to the impacts from urban and agricultural areas, and how
land use changes and management decisions are impacting karst waters (e.g., Grimmeisen
et al., 2016; Bonneau et al., 2017; Galvão et al., 2017; Robinson and Hasenmueller, 2017;
Buckerfield et al., 2020; Yue et al., 2020).
Compared to the hydrologic functioning of karst terrains, the role of soils in karst
systems are understudied. Given that approximately 12% (Bosák, 2008) of the terrestrial
surface has karst terrain and the global importance of karst systems for drinking water there
is an increased need to better understand how karst systems respond to disturbance, and
the role soils may have in these regions (Sullivan et al., 2019). For example, soil thickness
may be an important control on carbonate dissolution, chemical weathering, and karst
development (Dong et al., 2019), which may have implications for how karst responds to
further disturbance. Bulk soil properties can exert large control over water movement and
material transport (i.e., dissolved solids, sediment, contaminants) (Hillel, 2003).
Understanding the soils in these systems should be a part of complete comprehension of
these delicate environments. Connecting soil hydrologic functioning to groundwater and
8

phreatic processes is vital for understanding interactions between soils and hydrologic
systems in karst regions, but to accomplish this long-term goal we need to quantify changes
in soil properties within karst features. The significant global coverage of karst terrains
means that soils may potentially exert a large and less understood control on karst
evolution.
1.3

Hillslope controls on soil formation and properties
Hans Jenny (1941) identified the main soil forming factors: time, parent material,

topography (relief), biota, and climate. Each of these five factors influence soil evolution,
and their combined interactions produce observed soil properties. Description and
quantification of soils as a function of topography are commonly referred to as a
toposequence (Jenny, 1941, 1961). A toposequence was defined by Milne (1935) and Ruhe
(1960) as a catena (L. “chain”) where relief is the only non-constant soil forming factor
across a series of soils. Each of the five common landscape positions: summit, shoulder,
backslope, footslope, and toeslope (Fig. 4) have unique local soil forming processes which
influence how soil properties change and are expressed at each position (Ruhe and Walker,
1968). Several aspects of topography exert an influence on pedogenesis including slope
orientation (referred to here as aspect), slope gradient, curvature, and landscape or slope
position.

9

Figure 4. Idealized (A) and actual (B) hillslopes demonstrating the relative positions of the summit,
shoulder, backslope, footslopes, and toeslopes.

Pedogenesis along a toposequence is dependent on several factors, including slope
position, slope, aspect, and curvature (Huggett, 1975; Yoo et al., 2007). Toposequence
studies identified the most common lateral changes in bulk soil properties as a function of
topography (e.g., Martini and Mosquera, 1972; Stolt et al., 1993a; b; Egli et al., 2008;
Chirinda et al., 2014; Ibrahim and Lal, 2014; Rasmussen et al., 2015; Lan et al., 2021).
Aspect exerts a strong influence on microclimate, which alters soil temperature and
moisture status and moderates the rate and degree of pedogenesis (Birkeland, 1999). In the
midlatitudes, aspect may be one of the stronger influences on pedogenesis compared to
climate or vegetation alone (Hunckler and Schaetzl, 1997). One example are the strong
differences in the degree of podzolization in northern Michigan between north- and southfacing slopes (Hunckler and Schaetzl, 1997). Locally in Kentucky, differences in aspect
leads to greater organic matter content, cooler soil temperatures, and less development (i.e.,
cambic horizons) on north-facing slopes; south-facing slopes exhibited stronger soil
development (i.e., argillic horizons) and higher soil temperatures (Franzmeier et al., 1969).
10

Commonly, aspect may contribute to differences in soil properties within karst sinkholes,
however, the scale of these features may limit the ability to observe strong differences.
Slope gradient and position are also tied to moisture and erosion regime (Huggett,
1975); divergent landscape positions erode and export matter and energy, whereas
convergent landscape positions accumulate and import matter and energy (Rasmussen et
al., 2015). Divergent landscape positions such as the backslope and shoulder positions are
characterized by their linearity and convexity and corresponding material loss. Soils in
these positions are generally thinner and likely well-drained, minimizing observed profile
development (e.g., Ping et al., 2005; Badía et al., 2013; Lybrand and Rasmussen, 2015).
Simple horizonation relative to more stable hillslope positions is likely as is shallower
depth to a C horizon or bedrock (Catani et al., 2010; Lebedeva and Brantley, 2013). The
movement of water quickly off these positions also slows the rates of chemical weathering
that are responsible for much of soil development (Yoo and Mudd, 2008a).
In contrast, the convergent foot- and toeslope positions are depositional
environments, accumulating sediments and water. Both gravity and water transport
sediment and other materials down slope where they collect in lower slope positions
(Hancock et al., 2019). Depositional slope positions generally accumulate finer particles,
silts in particular, that have moved downslope (Zádorová et al., 2015; Borden et al., 2020).
These soils are also generally deeper and not as well-drained as compared to divergent
positions (Birkeland, 1999). As such, drainage issues and redoximorphic features are more
likely in the foot- and toeslope (Reuter and Bell, 2003; Ticehurst et al., 2007).
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Influence of karst topography on pedogenesis
While many soil toposequences/catenas have been described in karst regions, soil
toposequence studies in specific features of karst regions are less common. However,
several investigations of pedogenesis in karst features have been performed, predominantly
in the tropics of Central America and Southeast China (e.g., Shang and Tiessen, 2003;
Sedov et al., 2007, 2008; Cabadas-Báez et al., 2010; Bautista et al., 2011; Fragoso-servón
et al., 2020; Maranhão et al., 2020; Lan et al., 2021). For example, a soil toposequence in
the karst of central Florida, USA exhibited lower pH values in lower landscape positions,
but generally little differences in other properties (Banker et al., 1995). A similar
toposequence in the Cerrado region of Brazil indicated strong variation in cation exchange
capacity and pH between landscape positions (Silva et al., 2017); however, soils in this
toposequence also exhibit significant secondary CaCO3 formation, which is unlikely in the
current study region. The Florida and Cerrado toposequences may indicate that
toposequences in the karst features in the Inner Bluegrass may only be demonstrably
different in certain key bulk soil properties. Chen (2012) found higher SOC and total N in
karst areas in their study from the southwest karst region of China when compared to levels
from non-karst soils. While the present study examined only soils developed over
carbonate lithologies, and therefore soils likely to be developing on karst terrain, it is
expected that this trend would hold when compared to soils outside of the Bluegrass in
non-karst regions.
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Soil carbon dynamics in karst regions
Soils are the largest terrestrial carbon pool, storing more carbon than the atmosphere
and plants combined (Malhi et al., 1999; Stockmann et al., 2013). The soil organic carbon
pool specifically is one of the largest in the terrestrial environment (Chaopricha and MarínSpiotta, 2014) holding an estimated 2344Pg of organic carbon (Stockmann et al., 2013).
Topography has recently been recognized as an important control on the movement and
stability of SOC across landscapes (Berhe et al., 2007, 2018); where erosion may be a
globally important carbon sink. As karst systems are dynamic and sensitive to change and
are a significant global pool of inorganic C (Du et al., 2013), there is potential for variable
SOC stocks and a greater need for understanding karst SOC dynamics (Gaillardet et al.,
2019). Further, since karst naturally forms depressional features (i.e., sinkholes), these
landscapes may store significant quantities of soil carbon. Understanding if and how
sinkhole SOC dynamics differ from trends seen on traditional hillslopes will be useful in
making informed land management decisions and quantifying the contribution of these
features to the soil carbon cycle.
Karst and limestone-derived features may also have different soil organic matter
stabilization mechanisms. Shang and Tiessan (2003) examined the soil organic carbon
stabilization mechanisms of limestone-derived soils of the Yucatan Peninsula. They
identified high SOM content in these soils, and noted the potential stabilization was due to
secondary carbonates. It has been assumed that soil texture (clay content in particular) is
the most important physical property controlling SOC variation between soils (Schillaci et
al., 2017). While texture remains an important driver of SOC persistence, other factors
such as exchangeable calcium or iron- and aluminum-oxyhydroxides are equally as
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important for SOC persistence (Torn et al., 1997; Kaiser and Guggenberger, 2000; Percival
et al., 2000; Lawrence et al., 2014; Rasmussen et al., 2018); however, Shang and Tiessen
(2003) found that clays and metal oxides were not related to OM stability in the limestonederived soils of the Yucatan. We can therefore expect to see changes in SOC levels at each
hillslope position not only because of textural differences arising from hillslope processes,
but because of changes in bulk soil properties that control SOC retention; further, these
dynamics may potentially be unique to karst landscapes and soils. Water and sediment
movement downslope may also explain the increased carbon measured in downslope
positions regardless of the hillslope soil properties (Brevik and Homburg, 2004).
The properties of the soils overlying soluble lithologies (e.g., limestones,
dolostones), the dominant soil forming processes occurring in karst sinkholes, and the
relationships between sinkhole features and soil-landscape patterns remain poorly
constrained in karst regions (Chen et al., 2018). Subsidence sinkhole soils in mesic climates
such as that of the Inner Bluegrass have not been studied in terms of their pedogenic
development. Further, sinkholes are usually only discussed in terms of potential hazards to
human structures or disruption of farming activities, with little consideration of soil
properties or classification. Quantifying the physical, chemical, and mineralogical
properties of the soils forming in these features have the potential to better inform our
understanding of the hydrologic and carbon cycles of karst landscapes. The results of this
study are applicable to other karst regions in Kentucky outside of the Inner Bluegrass.
Approximately half of the state is underlain by rocks with the potential for karst feature
development, and around 25% already has significant karst drainage (Blair et al., 2012), a

14

better understanding of the bulk soil properties within the features has the potential to
contribute to stronger understanding of karst flowpaths within Kentucky.
1.4

Thesis objectives
The present study seeks to alleviate these uncertainties by describing and quantifying

the bulk soil properties as a function of elevation in karst sinkholes (see Chapter 2). This
thesis addresses this gap by characterizing and describing two karst soil toposequences in
the Inner Bluegrass Region of central Kentucky. The objectives of this thesis were:
1. Sample and describe soils in karst sinkhole features as a function of
landscape position (i.e., elevation)
2. Quantify the soil physical, chemical, and mineralogical properties of karst
soils as a function of landscape position (i.e., elevation)
3. Correlate soil physical, chemical, and mineralogical properties to soil carbon
and nitrogen content in karst features

15

CHAPTER 2. PRESENT STUDY
2.1

Introduction
Karst topography is heterogeneous; the rapid dissolution of carbonates leads to unique

landscape features such as disappearing streams, abundant springs, extensive cave systems,
lack of surface drainage, and sinkholes. Karst hydrology is highly interconnected with
rapid flowpaths that connect the soil surface to deeper groundwater. As karst topography
develops, heterogeneous drainage develops which likely impacts the soil forming
processes across these landscapes, however, much less is known about the impact of karst
landscape features on soil-landscape patterns. We investigated the changes in soil physical,
chemical, and mineralogical properties across landscape positions (soil toposequence) in
two karst dissolution sinkholes in central Kentucky. Our results indicated that not only are
soil properties variable between landscape positions, but also potentially variable between
individual karst features.
Toposequences quantify changes in soils as a function of relief or topography, while
holding the other soil forming factors (climate, biota, parent material, and time) constant
(Jenny, 1941, 1961). Toposequences are commonly established using the catena concept,
first formulated by Ruhe (1960) based off the work of Milne (1935). A toposequence
requires that soils in the sequence are pedologically linked, usually by water and sediment
movement (Borden et al., 2020). Previous toposequence studies have identified the most
common changes in bulk soil properties as well as the changes in biogeochemical cycles
as a function of slope, aspect, and landscape position (Chirinda et al., 2014; Ibrahim and
Lal, 2014; Lan et al., 2021).
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Topography controls the microclimate and additions and losses to soil profiles
(Birkeland, 1999), which in turn drives pedogenesis or haplodization (Johnson and
Watson-Stegner, 1987). Slope aspect, or the cardinal direction a hillslope faces, modulates
the local microclimate, controlling the amount and duration of solar radiation, rate of
evapotranspiration, and soil temperature (Pelletier et al., 2018). Locally in Kentucky,
differences between slope aspect are responsible for greater soil organic matter and weaker
horizonation (e.g. cambic horizons) on north-facing slopes; and, stronger horizonation (e.g.
argillic horizons) and greater soil temperatures on south-facing slopes (Franzmeier et al.,
1969). Slope gradient controls the additions and losses from the soil profile. In a loesssandstone toposequence in west-central Kentucky, soil thickness decreased with increasing
slope gradient, and the authors found increasing soil thickness and argillic horizon
development in the lower backslope and footslope positions (Karathanasis et al., 1991).
These local examples largely focused on loess and mixed lithologies, however, similar
examples in karst landscapes and limestone lithologies are limited. A single example of a
soil toposequence in a karst landscape was performed by Prawito (1996). Prawito
investigated three soil toposequences in three sinkholes in central Kentucky, however, this
study focused on describing lithologic discontinuities in karst features, and there was less
interest in their potential for soil carbon storage.
Karst topography is characterized by a heterogeneous landscape with significant
underground drainage (Waltham et al., 2005). Closed depressions are diagnostic features
of karst terrain, and subsidence sinkholes are common in the Inner Bluegrass (Currens,
2012). They most often appear as circular depressions in the landscape, varying greatly in
size, which depends on local fractures and hydrology (Radulovic, 2013). Their shape
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indicates that they have internal drainage, resulting in a wide moisture gradient from rim
to the base, with the base generally wetter (Frumkin et al., 2015). Surface topography is
always evolving in subsidence sinkholes (Lambrecht and Miller, 2006; Waele, 2017). As
they age, they generally deepen and widen which alters local topography. By sampling
along a toposequence within sinkholes, differences in profile development and bulk soil
characteristics may indicate the relative ages of these features (Lambrecht and Miller,
2006; Frumkin et al., 2015) and how their evolution may alter pedogenic processes.
Relative age can be helpful in determining relative rates of bedrock dissolution, differences
in surface subsidence between features, as well as common pedogenic pathways for soils
forming in these features.
Dissolution is the primary process weathering limestone (and other soluble rocks like
dolomite and gypsum) and generating sinkholes and other karst features (Šušteršič et al.,
2009). The lack of an overlying resistant lithologic layer increases susceptibility to
dissolution, as does increased purity of soluble bedrock (Dreybrodt, 1988; Stumm and
Morgan, 1996). In short, dissolution occurs when water and carbon dioxide in the soil react
to form carbonic acid (among other acids) which dissolves the calcium carbonate
(limestone) through carbonation (Eq. 3). Nitric and sulfuric acid are also known to
dissolved limestone (Spence and Telmer, 2005; Lerman and Wu, 2006; Calmels et al.,
2007; Perrin et al., 2008), and these acids can both be the result of anthropogenic actions,
such as the burning of coal (Xu and Liu, 2007; Li et al., 2008). Plant roots also exude
organic acids that increase carbonate dissolution (Li et al., 2016). Following dissolution,
the soluble products can then be transported to groundwater and exported from the system
(Liu et al., 2004; Waele, 2017). The rate at which products are removed depends on the
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connections between the soil and belowground conduits, as well as soil depth (Bonacci,
1987).
CaCO3(s) + H2CO3(aq) ↔ Ca2+(aq) + 2HCO3-(aq)

(3)

Equation 1. Calcium carbonate dissolution reaction resulting in bicarbonate.

Dissolution is continually occurring in karst sinkholes so long as the needed
reactants are present: soluble rock (reactants), liquid water, and carbon dioxide (Bautista
et al., 2011). As products of the reaction build (mainly cations), the reaction will slow;
slower dissolution means slower surface subsidence (Liu et al., 2004; Bautista et al., 2011).
However, if reactants are being leached from the systems, as is likely in karst systems, the
reaction will proceed, and dissolution rates will increase (Dreybrodt, 1988).
Soil may play an important role in the formation of karst features, as the thickness
of soil overlying limestone bedrock can impact the rates of dissolution in these systems,
with an intermediate soil cover of approximately 1.5m corresponding to the maximum
observed weathering rates (Dong et al., 2019). Production of biogenic carbon dioxide,
carbon dioxide produced by microbial respiration, organic material decomposition, and
plant roots, also enhances dissolution and is necessary for karst formation (Jakucs, 1977;
Jennings, 1985; Ford and Williams, 2007; Phillips, 2016). The soils in the sinkholes will
be affected by the continual dissolution and subsequent changes in surface topography,
specifically changes in slope.
There is a need to understand soils in karst sinkholes and how topography controls
bulk soil physical, chemical, and mineralogical properties. Subsidence sinkhole soils in
mesic climates such as that of the Inner Bluegrass have been understudied in terms of their
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pedogenic development and potential for increased carbon sequestration. The objectives of
the present study were to sample and describe soils in karst sinkhole features as a function
of landscape position (i.e., elevation), quantify the bulk soil properties as a function of
landscape position (i.e., elevation), and relate the measured properties to carbon and
nitrogen content. We hypothesize that:
1. Clay content exhibits a generally negative relationship with elevation but has
intermediate concentrations at the summit positions.
2. Concentrations of crystalline Fe and Al oxides (dithionite-extractable) have
negative relationships with elevation, with the greatest concentrations in the sinkhole
bases (toeslopes) and lowest concentrations in the summit.
3. Total carbon content exhibits a negative relationship with elevation but a positive
relationship with clay content, exchangeable Ca, and dithionite-extractable Fe and Al
oxides.
2.2

Materials and Methods
Study Location and Field Descriptions
Study sites were located at the University of Kentucky’s C. Oran Little Research

Farm in Versailles, Woodford County, central Kentucky. Two subsidence sinkholes were
chosen for this study. Both sinkholes were fairly circular (Fig. 5) and comparable in size
based on the geophysical dataset used to determine location; sinkhole 1 had a total area of
1.5 hectares, and sinkhole 2 had a total area of 0.1 hectares (Paylor et al., 2003). The
different sizes of the two study sinkholes could indicate different sized openings and cracks
to the underlying limestone and karst system below. Sinkhole 1 was located at 38.0772 N,
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-84.7400 W with elevation above sea level ranging from 262.1 m to 268.7 m, and sinkhole
2 was located at 38.0964 N, -84.7419 W with the summit at 260.2 m above sea level and
the base at 254.4 m (Fig. 6).
Woodford County is located in the Inner Bluegrass physiographic region of central
Kentucky. The Inner Bluegrass is underlain almost entirely by the Lexington Limestone
Formation, a phosphatic limestone (Anstey and Fowler, 1969). The study sites in the Inner
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Figure 5. Map of the study area. Digital elevation data from the KY Division of Geospatial Information was
used in ArcMap 10.6 (ESRI, Redlands, CA).
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Bluegrass are both dominated by naturalized cool season European grasses. Sinkhole 1 is
generally ungrazed, and sinkhole 2 seasonally grazed by cattle (approximately once or
twice per season). The regional climate is characterized as udic and mesic (Soil Survey
Staff, 1999). Woodford County receives an average of 115 cm of mean annual
precipitation, with a mean annual temperature of 15°C (Kentucky Climate Center).
Hillslope positions on the south-facing slope of both sinkholes were identified and
soil pits were excavated with a backhoe. Profile descriptions were completed in-field
between May and June of 2019 (including horizonation, Munsell color, structure, and hand
texture). Samples were collected according to genetic soil horizon following standard
procedures (Schoeneberger et al., 2012). Coordinates for each excavated pit were collected
using a handheld Garmin GPSMAP 64s unit in the WGS84 projection.

Bulk Soil Characterization
Bulk density samples were collected in the field using a slide hammer corer.
Collected samples were transported to the lab in ziplock bags to prevent moisture loss.
Gravimetric water content was calculated using the difference between air-dry soil weight
and oven-dry soil weight after oven drying overnight at 105℃ (Soil Survey Staff, 2014).
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Figure 6. Catena profiles with elevation (m) and marked sampling locations for both study sinkholes.
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All samples were air-dried and sieved to 2 mm to separate the coarse from the fine
earth fraction; all subsequent analyses were performed on the fine earth fraction. Soil pH
and electrical conductivity were measured utilizing a Denver Instruments Model 250 pHEC-ISI meter using a 1:2 ratio (soil:solution) (Soil Survey Staff, 2014). A 0.02 M CaCl2
solution (10 mL) was added to the suspension and pH measured (1:4 soil:solution), and pH
was also measured in 1:2 ratio of 1 M KCl (Soil Survey Staff, 2014). The average hue,
value, and chroma were recorded from four air-dry and moist measurements per sample
according to the Munsell color system using a Konica Minolta CR400 chromameter. Total
volatile content of samples was determined using loss on ignition (LOI) at 550°C (Soil
Survey Staff, 2014). Particle size analysis was performed using the pipette method as
described in the Kellogg Soil Survey Laboratory Methods Manual (p. 48-89). To remove
excess salts and any potential carbonates, 20 to 30 grams of soil was pretreated with 200
mL of 1M sodium acetate, placed in a hot water bath (80-85°C) for 45 minutes, centrifuged
at 3600RPM for 15 minutes, and the supernatant discarded. Following carbonate removal
samples were pretreated to remove organic matter; soils were treated with 100 mL sodium
hypochlorite (bleach; pH adjusted to 9.5 using 3M HCl), placed in a hot water bath (8085° C), centrifuged and the supernatant was discarded. This process was repeated 3 times,
or until the sample no longer bubbled in the hot water bath. A final rinse with DDI water
was performed as the last step.
Ten grams of pre-treated soil was dispersed using 10 mL of a solution of sodium
hexametaphosphate and sodium carbonate (dispersant) and 175 mL DDI water. Samples
and solution were shaken overnight (16 hours) on low. The next morning, sands were wetsieved out, and the suspended clays and silts were added to 1L water columns (brought to
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volume with DDI water), stirred, and allowed to settle. The total clay and sand masses were
subtracted from the weight of pre-treated soil added to the column to determine the mass
of silts. Sands were subdivided into very coarse (2.0-1.0 mm), coarse (1.0-0.5 mm),
medium (0.5-0.25 mm), fine (0.25-0.1 mm), and very fine (0.1-0.05 mm) fractions.
Samples were treated overnight with 1N ammonium acetate (pH 7.0) to quantify
the concentration of base cations (Na, K, Mg, and Ca) and to determine cation exchange
capacity. Samples were then filtered through #42 Whatman paper on a Buchner funnel
assembly using additional ammonium acetate until reaching a total solution volume of 100
mL. Base cation concentration was determined using a 1:10 dilution with 1% nitric acid
and measured using an Agilent Tech 5110 inductively coupled plasma optical emission
spectrometer (ICP-OES). Prior to analysis for ammonium, samples were rinsed with 150
mL of methanol to remove remaining excess NH4OAc. A 10% sodium chloride replacing
solution (250 mL; pH 3.0) was filtered through each sample and the leachate was collected
for analysis. Ammonium concentration was measured on diluted samples (1:25) and used
as a proxy for cation exchange capacity (CEC) (Chaney and Marbach, 1962; Weatherburn,
1967; Ngo et al., 1982). Base cations and CEC were reported in cmol(+) kg-1, and used to
calculate base saturation (%).
Soil Mineralogy and Metal Concentrations
Concentrations of secondary metal (oxy)hydroxides were determined using the citratedithionite, ammonium oxalate, and sodium pyrophosphate extractions. Citrate-dithionite
extracts Fe, Al, and Mn from organo-metal complexes, amorphous, or poorly crystalline
metal oxides, and crystalline secondary oxides (McKeague et al., 1971; Wada, 1989). Two
grams of Na2S2O4.2H2O (sodium hydrosulfite/sodium dithionite) and 100mL of 0.3M
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sodium citrate was added to 4 grams of soil. This mixture was shaken overnight (16 hours),
then centrifuged (at 2390 RPM for 10 minutes) and the supernatant was collected. Samples
were diluted and digested with 1% nitric acid before analysis on an Agilent Tech 5110 ICPOES. Metal concentrations were calculated on an oven-dry basis.
Ammonium oxalate targets iron and aluminum organo-metal complexes, and
amorphous and poorly crystalline metal oxides, and not from crystalline phases
(Schwertmann, 1958; McKeague and Day, 1966; McKeague et al., 1971; Fey and le Roux,
1976; Hodges and Zelazny, 1980; Rasmussen et al., 2005). One hundred milliliters of acid
oxalate solution (pH of 3.0) was added to 1 gram of soil in a foil-covered 250mL bottle.
They were shaken for 4 hours in the dark, centrifuged at 2390 RPM for 10 minutes, and
the supernatant was collected. Supernatant was diluted before digestion with 1% nitric acid
and analysis on ICP-OES. Metal concentrations were calculated on an oven-dry basis.
Sodium-pyrophosphate extracts organically associated iron and aluminum (McKeague
and Day, 1966; Swift, 1996; Shang and Zelazny, 2008). One gram of soil and 100mL of
0.1M sodium pyrophosphate (Na4P2O7) were added to a bottle and shaken overnight (16
hours). The sample was then centrifuged at 3380 RPM for 30 minutes and the supernatant
collected. Samples were diluted and digested with 1% nitric acid and analyzed using the
ICP-OES to determine concentrations of Fe, Al, and Mn. Metal concentrations were
calculated on an oven-dry basis.
Three horizons were selected for XRD analysis from the summit and toeslope of each
sinkhole. In general, the top Ap, an upper Bt, and a lower BC horizon were chosen. These
three horizons were selected to give a representative sample of the profile mineralogy.
Briefly, sample preparation for oriented clay slides; three to five grams of air-dry soil were
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added to centrifuge bottles with 200 mL sodium carbonate (pH 9.5-10), then centrifuged
at 1000 RPM for 5 minutes. If the supernatant was clear, it was removed, and the first steps
were repeated. Once the supernatant was cloudy, sands were wet-sieved out. The remaining
silts and clays were separated by repeated centrifuging (750 RPM for 3 minutes) with
sodium carbonate (Jackson, 2005). Once the supernatant was clear, a final rinse with DDI
water was done (750 RPM, 3 minutes) before silt-sized particles were collected to dry. The
clay fraction was collected into dialysis tubing (Spectra/Por molecularporous membrane
tubing, 64mm diameter), clipped, and submerged in DDI water. Once water in buckets
tested negative for sodium carbonate (tested with silver nitrate; Soukup et al., 2008),
suspended clay was transferred into 50 mL centrifuge tubes, lyophilized, and weighed.
Two-hundred micrograms of the prepared clays were added to 50 mL centrifuge
bottles, and either 25 mL of magnesium chloride (1M) or potassium chloride (0.5M) was
added. Samples were centrifuged at 2000 RPM for 5 minutes, and the process was repeated
twice more. A final rinse with DDI water at the same velocity was performed. After pouring
off most of the rinse supernatant, samples were vortexed to resuspend the clays before
being filtered using a Millipore system to prepare clay slides. The nature of study samples
meant only 0.1 grams of clay were needed to produce one slide. Prepared Mg- and Ksaturated slides were kept in desiccators with magnesium chloride to maintain a humidity
of approximately 50%.
All clay slides were analyzed using a Malvern PANalytic X’Pert Pro. After Mgsaturated samples were run on the XRD at room temperature (25 °C), they were sprayed
with a 30% glycerol solution and left to sit overnight before analysis. K-saturated slides
underwent three additional heat treatments after being run at room temperature (25°C):
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100°C, 300°C, and 550°C. Slides were heated for one hour at each temperature and cooled
in a desiccator before being run on the XRD. HighScore software (Malvern Panalytical)
was used to identify peaks and extract data for visualization.

Carbon and Nitrogen Determination
Total carbon and nitrogen were determined by the University of Kentucky’s
Division of Regulatory Services. Briefly, following the methods of Bremner and Edwards
(1965) and Yeomans and Bremner (1991), a small soil sample (0.15-0.25 g of homogenized
sample) is added to a LECO Elemental Analyzer and combusted at 950°C in an
environment of pure oxygen. The resulting gases are analyzed for CO2 and N2; the volumes
of these gases are converted to total C and N values. Samples were tested for the presence
of inorganic carbonates using 1M HCl; no reaction was observed.

Geospatial data and statistical analyses
The geographic coordinates of each excavated pit were used to extract elevation (m),
slope (°), aspect (°), and curvature (m-1) for each pit location. Elevation was determined
using the KYAPED 5-foot Digital Elevation Model (Kentucky Division of Geospatial
Data) and reported as relative to the elevation of the sinkhole base. Slope, aspect and
curvature were calculated using ArcMap 10.6 (ESRI, 2018). Curvature represents the rate
of change of the slope (m-1), positive values of curvature indicate convex surfaces and
negative values of curvature indicate concave surfaces.
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Soil property values were aggregated across all horizons within each profile. Where
noted, soil property values were calculated on a mass per area basis and summed across
the profile according to:
%

!
!"!#$! (&' )"# ) = ∑($)& -$ ∙ /&''
0 ∙ 1$

(4)

Where, k is an individual soil horizon or layer, xi is a soil property on a mass per mass basis
(kg kg-1 or cmol+ kg-1) per horizon, zi is the horizon thickness (m), and ri is the horizon
oven dry bulk density (kg m-3). For values that were percentage based and unitless, a
horizon thickness or depth weighted average was calculated according to:
%
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%

(5)

Where, xi is a soil property on a percent or unitless basis, zi is the horizon thickness (m),
and ∑ 2 is the total horizon thickness.
All statistical analyses were performed in R (R Core Team, 2013) . Due to the small
number of pedons described and sampled, non-parametric Spearman’s rho values were
calculated for the association between various measured variables. A partial least squares
regression was used to test the relationships between total carbon (TC), total nitrogen (TN),
and carbon:nitrogen (C:N) ratios and other soil physical, chemical, and mineralogical
properties, and to determine the primary drivers of TC, TN, and C:N. Partial least squares
regression was calculated in R using the “pls” package (Mevik et al., 2020) using leaveone-out-cross-validation. The number of components retained in the model was based on
minimizing the root mean square error of the prediction and maximizing the crossvalidated R2.
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2.3

Results
Field Descriptions and Morphology
Select morphological data have been compiled for the summits and toeslopes of

both sinkholes in Table 1. Based on field descriptions and photos of profile faces (Figs. 710), consistent differences were observed between the two study sinkholes, including
redder colors, stronger structure, stronger horizonation, and greater clay content in sinkhole
1. Wet and dry color was recorded for each sample as was redness rating. Higher moist
redness ratings (2.88±0.61; µ±1σ) and moist chromas (3.8±0.29) were observed in sinkhole
1 compared to sinkhole 2 (RR: 1.9±0.21; chroma: 3.24±0.16); this implies older, more
weathered soils in sinkhole 1, which was also the larger feature.
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Table 1. Morphologic data for study pedons.
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Figure 7. Sinkhole 1 summit profile with labeled horizons at approximate depths described in the field.
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Figure 8. Sinkhole 1 toeslope profile with labeled horizons at approximate depths described in the field.
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Figure 9. Sinkhole 2 summit profile with labeled horizons at approximate depths described in the field.
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Figure 10. Sinkhole 2 toeslope profile with labeled horizons at approximate depths described in the field.
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Soil Properties as Function of Topography
Similar to other toposequences in temperate regions, we found that elevation, slope,
and curvature exerted strong controls on bulk soil physical and chemical properties. The
relationship between elevation and dithionite-extractable Al (Ald; Fig. 11) was not
significant (Spearman’s ρ: 0.45) but exhibited a positive trend. A strong positive
relationship (Spearman’s ρ: 0.81) was observed between dithionite-extractable Fe (Fed)
and relative elevation (Fig. 12). Similarly, dithionite-extractable Si (Sid, kg m-2) had a
positive relationship with relative elevation (m) (Fig. 13). This was a relatively strong
relationship (Spearman’s ρ: 0.83) compared to other extractable metals, but did not support
our hypothesis that there would be a negative or inverse relationship between these
properties and elevation. The influence of relative elevation on Ald, Fed, and Sid was the
opposite as expected and did not confirm our second hypothesis, but the strength of trends
suggested that karst features likely influence the distribution of Al, Fe, and Si across the
elevation gradient.
In general, sinkhole 2 had greater concentrations of total C for each hillslope
location sampled. The relationship between total C and relative elevation was negative,
which supported our third hypothesis; more C was observed in the base of study sinkholes
than at higher relative sampling locations (Spearman’s ρ: -0.50; Fig. 14). Similar results
were observed between total N (Fig. 15; Spearman’s ρ: -0.53) and C:N ratio (Fig. 16;
Spearman’s ρ: -0.5). Percent clay (Fig. 17; Spearman’s ρ: 0.51) also exhibited a relatively
strong positive trend with relative elevation; we observed higher clay values in the higher
landscape positions such as the summit than in the sinkhole bases. Total C and clay
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exhibited inverse trends with relative elevation, implying a weak relationship between
these two variables.
Both dithionite-extractable Fe and Si had positive relationships with curvature (Fig.
18 and 19, respectively). Again, we had hypothesized that the opposite trends would be
observed. The relationships between Fed and Sid and the topographic variables of relative
elevation and curvature highlight the importance of topography in controlling the
concentrations of certain elements in sinkhole soils.
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Figure 11. Dithionite-extractable Al (kg m-2) exhibited a positive relationship with relative elevation, not
supporting our second hypothesis. (Spearman’s ρ: 0.45, p-value: 0.22, df: 7).
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Figure 12. Dithionite-extractable Fe (kg m-2) exhibited a positive relationship with relative elevation,
which does not support our second hypothesis. (Spearman’s ρ: 0.81, p-value: 0.0079, df: 7).
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Figure 13. Dithionite-extractable Si (kg m-2) exhibited a positive relationship with relative elevation (m),
which did not support our second hypothesis. (Spearman’s ρ: 0.83, p-value: 0.0058, df: 7).
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Figure 14. Total C (kg m-2) exhibited a negative relationship with relative elevation (m). (Spearman’s ρ: 0.50, p-value: 0.17, df: 7).
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Figure 15. Total N (kg m-2) exhibited a negative relationship with relative elevation (m). (Spearman’s ρ:0.523, p-value: 0.14, df: 7).
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Figure 16. C:N exhibited a negative relationship with relative elevation (m). (Spearman's ρ: -0.5, p-value:
0.17, df: 7).
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Figure 17. Total clay (%) showed a positive relationship with relative elevation (m), meaning we saw more
clay, in general, at the higher hillslope positions than in the base. (Spearman’s ρ: 0.51, p-value: 0.16, df: 7).
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Figure 18. Dithionite-extractable Fe (kg m-2) exhibited a positive relationship with curvature (m-1). Here,
negative values are concave positions and positive values are convex positions. (Spearman’s ρ: 0.85, pvalue: 0.006, df: 7).
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Figure 19. Dithionite-extractable Si (kg m-2) exhibited a positive relationship with curvature (m-1).
(Spearman’s ρ: 0.73, p-value: 0.031, df: 7).
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Controls on total carbon, total nitrogen, and C:N ratios
There were several dominant controls on total carbon, total nitrogen, and C:N ratios
in the sinkhole toposequences. Total carbon exhibited a negative relationship with both Ald
(Spearman’s ρ: -0.47; Fig. 20) and Fed (Spearman’s ρ: -0.55; Fig. 21), which did not
support our third hypothesis. Further, we did not find significant relationships between
exchangeable Ca (Spearman’s ρ: -0.08; Fig. 22) or clay content (Spearman’s ρ: -0.32; Fig.
23) and total carbon. Since these trends were weaker and opposite than what was expected,
this result suggested that these soil components were less associated with soil C storage.
While the absolute magnitude of dithionite-extractable Fe and Al did not relate to
total C, total N, or C:N ratios, the ratios of short-range-order or organo-complexed metals
to crystalline metal oxides indicated strong significant relationships across the
toposequence. The ratio of Feo/Fed provides a measure of the fraction of short-range-order/
poorly crystalline Fe oxyhydroxides and organo-complexed Fe to crystalline Fe oxide
phases (Schwertmann and Taylor, 1989; Kleber et al., 2005); whereas the Fep/Fed ratio
indicates the fraction of organo-complexed Fe to crystalline Fe oxides. We observed
strong, significant relationships between both Feo/Fed and Fep/Fed and total C, total N, and
C:N (Figs. 24-25). Relationships between Feo/Fed and total C, total N, and C:N resulted in
Spearman’s ρ of 0.87 (p= 0.0025), 0.88 (p= 0.0016), and 0.75 (p= 0.02), respectively.
Relationships between Fep/Fed and total C, total N, and C:N resulted in Spearman’s ρ of
0.82 (p= 0.0072), 0.93 (p= 0.0002), and 0.68 (p= 0.04), respectively.
Following partial least squares regression model fitting, a PLSR model with two
components explained the greatest variation in total C, total N, and C:N (Fig. 26 and 27).
The coefficients for the PLSR model with two components are in Table 2. Based on the
47

PLSR results, silt, exchangeable potassium (Exch. K), and pyrophosphate extractable Mn
(Mnp) exhibited positive relationships with total C, total N, and C:N ratios (Fig. 28). In
general, elevation and slope, exhibited negative relationships with total C, total N, and C:N
ratios. In addition, sand content, exchangeable sodium (Exch. Na), and oxalate extractable
Si (Sio) exhibited negative relationships with total C, total N, and C:N ratios. Soil physical
and chemical properties, such as clay content and dithionite-extractable Fe and Al, exhibit
weak relationships with total C, total N, and C:N. This was surprising as these variables
are routinely correlated with total C and N soil stocks.
Based on the coefficients from the full PLSR model, we produced a more
parsimonious model (Fig. 29). We included variables with coefficient values that were
either <-0.1 or >0.1, which included: Slope, Mnp, Silt, Exch. K, pH KCl, and EC (electrical
conductivity). Using this smaller set of variables, the best model was fit using one
component; the cross-validated R2 values for total C, total N, and C:N were 0.80, 0.91, and
0.04, respectively, and the cross-validated RMSEP values were 0.43, 0.28, and 0.92,
respectively. The model performed well for total C and N, but performed poorly for C:N,
and was largely not capable of reproducing the observed C:N values.
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Figure 20. Total C (kg m-2) exhibited a negative relationship with dithionite-extractable Al (kg m-2). This
did not support our third hypothesis. (Spearman’s ρ: -0.47, p-value: 0.21, Degrees of Freedom: 7).
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Figure 21. Total C (kg m-2) exhibited a negative relationship with dithionite-extractable Fe (kg m-2). This
did not support our third hypothesis. (Spearman’s ρ: -0.55, p-value: 0.13, Degrees of Freedom: 7).
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Figure 22. Total C (kg m-2) showed a negative relationship with exchangeable Ca (cmolc kg-1). (Spearman’s
ρ: -0.08, p-value: 0.84, Degrees of Freedom: 7).
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Figure 23. Total C (kg m-2) exhibited a weak negative relationship with total clay (kg m-2). (Spearman’s ρ: 0.37, p-value: 0.41, Degrees of Freedom: 7).
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Figure 24. Relationships between Feo/Fed ratios with Total C (kg m-2), Total N (kg m-2), and C:N ratio.

Figure 25. Relationships between Fep/Fed ratios with Total C (kg m-2), Total N (kg m-2), and C:N ratio.
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Table 2. Regression coefficients for the full PLSR model using a suite of geomorphic, chemical, and physical
properties using two components.

Total C (kg m-2)
-0.084
-0.122
-0.090
-0.046
-0.075

Total N (kg m-2)
-0.083
-0.130
-0.091
-0.037
-0.067

C:N
-0.068
-0.073
-0.068
-0.058
-0.080

Ald (kg m-2)

-0.064

-0.055

-0.074

Mnd (kg m-2)

Elevation (m)
Slope (%)
Aspect (radians)
Curvature (unitless)
Fed (kg m-2)

0.007

0.014

-0.013

-2

Sid (kg m )

-0.093

-0.089

-0.082

-2

-0.008

0.006

-0.043

-2

Alo (kg m )

0.040

0.054

-0.003

Mno (kg m-2)

Feo (kg m )

-0.002

0.009

-0.029

-2

0.013

0.018

-0.001

-2

0.013

0.030

-0.031

-2

Alp (kg m )

-0.017

-0.003

-0.049

Mnp (kg m-2)

0.112

0.115

0.081

-0.082

-0.074

-0.083

Clay (kg m )
Silt (kg m-2)
Sand (kg m-2)
Exch. Ca (cmol (+) kg-1)

-0.038
0.116
-0.030
-0.003

-0.028
0.122
-0.030
0.011

-0.054
0.077
-0.021
-0.038

Exch. Na (cmol (+) kg-1)

-0.083

-0.092

-0.042

0.134

0.145

0.075

Exch. Mg (cmol (+) kg )
pH H2O
pH KCl
pH CaCl2

0.019
0.041
0.101
0.071

0.035
0.057
0.118
0.087

-0.024
-0.007
0.036
0.015

Electrical Conductivity (µS cm-1)

0.132

0.148

0.063

Sio (kg m )
Fep (kg m )

-2

Sip (kg m )
-2

-1

Exch. K (cmol (+) kg )
-1
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Table 3. Regression coefficients for the simple PLSR model using a suite of geomorphic, chemical, and
physical properties using one component.

Slope (%)
Mnp (kg m-2)
Silt (kg m-2)
Exch. K (cmol(+) kg-1)
pH KCl
Electrical Conductivity (µS cm-1)

Total C (kg m-2) Total N (kg m-2)
-0.222
-0.230
0.235
0.244
0.234
0.233
0.139
0.206

0.243
0.242
0.144
0.214

C:N
-0.151
0.160
0.160
0.159
0.095
0.141

Figure 26. Change in root mean square error of the prediction from the PLSR with the number of included
components for total C, total N, and C:N for the full PLSR model. Unadjusted RMSEP (left) indicated
that substantial differences in RMSEP do not occur following two components. Cross-validated RMSEP
demonstrated the lowest RMSEP with included components.

55

Figure 27. Change in r2 with PLSR model components for the full PLSR model. Similar to RMSEP, no
significant differences were observed in r2 following two components (left). Cross-validated was greatest
using two components (right).
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Figure 28. PLSR loadings biplot between the explanatory variables, represented as different shapes and
colors, and the response variables, represented as arrows for the full PLSR model. The orientation of the
arrows relative to the explanatory variables explain the positive and negative drivers of total C, total N, and
C:N.
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Figure 29. PLSR loadings biplot for the simplified PLSR model with only variables that had
coefficient values either <-0.1 or >0.1.
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Soil Trends with Depth
When considering total carbon, we observed that sinkhole 2 contained greater
carbon concentrations at most sampling depths (Fig. 30). In both sinkholes there was an
increase in total carbon in the second horizon from the soil surface in the toe- and
footslopes. Total N (kg m-2) generally decreased with depth and followed similar patterns
as total C, but we noted slightly higher total N concentrations with depth, especially in
sinkhole 1 (Fig. 31). Carbon to nitrogen ratio depth trends in sinkhole 2 were consistent
across all positions, with C:N values ranging from 8 to 10 (Fig. 32). Carbon to nitrogen
depth trends in sinkhole 1 exhibited a significant decrease with depth in the summit,
sideslope, and shoulder landscape positions. Similar C:N trends were observed in the
sinkhole 1 foot- and toeslope positions, but the decreases with depth were slightly weaker.
Similar trends in particle size distribution were observed in both sinkholes; the
highest clay percentages were found in the subsurface at the summit positions (Fig. 33).
Overall, we found sinkhole 2 had lower clay percentages compared to sinkhole 1 at most
sampling locations. We observed a substantial clay increase with depth in the summit
position of sinkhole 1. The clay content in the toeslope of sinkhole 1 decreased to about
100 cm depth before increasing again, with the highest clay percentages observed at the
final sampling depth (approximately 175 cm). This clay depth profile was different from
sinkhole 2, which exhibited a general decrease in clay content through the entire profile.
Dithionite-extractable Al (Ald) showed fairly similar trends across all hillslope
positions with the exception of the summits (Fig. 34). A large increase in Ald was observed
in sinkhole 1 at approximately 90 cm, and a similar increase was observed in the summit
position of sinkhole 2 but was slightly deeper in the profile (approx. 110 cm). Dithionite-
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extractable Al also increased around 100 cm at both toeslopes. Dithionite-extractable Fe
(Fed) was generally higher in sinkhole 1, especially at higher sampling locations (Fig. 35).
In sinkhole 1, Fed demonstrated the clearest differentiation of landscape positions, with
increasing Fed concentrations across all depths from the toeslope to the summit positions.
A similar differentiation of Fed across landscape positions was less clear in sinkhole 2.
Similar to the trend of Ald, Fed increased with depth in the summit positions to
approximately 100 cm before decreasing again.
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Figure 30. Total C (kg m-2) generally decreased with depth (cm), and was overall higher in sinkhole 2.
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Figure 31. Total N (kg m-2) generally decreased with depth (cm) and was higher in the lower hillslope
positions.
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Figure 32. C:N was generally higher in sinkhole 2, and stayed higher with depth (cm) from the soil surface
at most hillslope positions.
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Figure 33. Total clay content (%) increased the most with depth (cm) at the summit locations of both study
sinkholes.
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Figure 34. Dithionite-extractable Al (Ald; g kg-1) was slightly higher in sinkhole 1, and remained relatively
constant with depth (cm).
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Figure 35. Dithionite-extractable Fe (Fed; g kg-1) was much higher in sinkhole 1 with depth (cm).
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Clay Mineralogy
Clay minerals labeled on all sample diffractograms (Figs. 37-40) are vermiculite
(15-14 Å), mica (10.0, 5.0, 3.36 (in samples without quartz), and 2.5 Å), kaolinite (7.2 and
3.57 Å), quartz (4.26 and 3.35 Å), and goethite (4.18, 2.69, and 2.45 Å). We identified
kaolinite in all samples. Kaolinite is a 1:1 phyllosilicate with no water interlayer, it also
has a lower exchange capacity relative to other clay minerals (Grim, 1968). Kaolinite was
identified on diffractograms by peaks at approximately 7.2 and 3.6 Å that collapse with
heat (i.e., no identified kaolinite peaks in slides heated to 550°C). Treatment of the
magnesium-saturated slide with glycerol does not affect the 7.2 Å kaolinite peak. Mica was
also identified in all study samples. It was determined that mica was present and not
halloysite because the halloysite peak changes from 10 Å to 7.2 Å with heat before
collapsing at 550°C, which was not observed in study samples. The saturation of clay slides
with K fills the interlayers of mica, preventing any collapse with heat treatment and
maintains the diagnostic peak at 10 Å with a secondary peak at 5 Å.
Vermiculite is identified by a 15-14 Å peak that shifts with heating to 550°C, and
a 10 Å peak that increases in intensity also with heating to 550°C (Hajirasouli et al., 2010).
Vermiculite is a phyllosilicate, and a common intermediate weathering product in the
transformation of biotite and mica (Malla, 2002), and is common in Inner Bluegrass soils
(Prawito, 1996) and in other soils formed over carbonates (Singer, 1993; Egli et al., 2008).
In sinkhole 2, a trace of chlorite is also present in the BC horizon based on the
presence of the 14 Å peak in the Mg-glycerol slides and its persistence with heating in the
K + 550°C slide (Fig. 38). Additional experiments will be performed to evaluate whether
chlorite is present in the Ap horizon from this sinkhole.
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Goethite was identified in all of the pits chosen for analysis with XRD. Goethite is
identified by peaks at 4.18, 2.69, and 2.45 Å. Goethite peaks collapse with higher heat and
were therefore not identified in samples heated to 300°C and 550°C. The presence of
goethite agrees with the low Feo/Fed ratios, which range from 0.1-0.4 (McKeague and Day,
1966; Schwertmann, 1993). Goethite is an iron oxide, and therefore important for forming
associations with soil organic matter.
Quartz was identified in most soils. It was identified by peaks at 4.26 and 3.35 Å.
The quartz peaks are not affected by any treatment and thus the 4.26 Å peak is often used
as an internal standard against which other peaks can be adjusted. If a peak was noted at
3.35 Å but there was not a 4.26 Å peak present, this was identified as another mica peak.
Quartz was not identified in the bottom of the summit pit in sinkhole 1.
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Figure 36. Diffractogram for sinkhole 1, summit pit. Select horizons are shown with 2 treatments.
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Figure 37. Diffractogram for sinkhole 1, toeslope pit. Select horizons with two treatments are shown.
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Figure 38. Diffractogram for sinkhole 2, summit pit. Select horizons with two treatments are shown.
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Figure 39. Diffractogram for sinkhole 2, toeslope pit. Select horizons with two treatments are shown
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Discussion
Topographic Controls on Bulk Soil Properties
Topography alters microclimate and local additions and losses of matter and energy

from the soil profile (Hunckler and Schaetzl, 1997; Birkeland, 1999; Rasmussen et al.,
2015; Pelletier et al., 2018). Landscape position specifically exerts large control over the
redistribution of water, sediment, ions, and minerals (Jenny, 1941; Schimel et al., 1985;
Applegarth and Dahms, 2001). In subsidence sinkholes, the reactants and products of
weathering are temporarily concentrated before being lost from the system. As observed
here, topography and landscape (e.g., hillslope) position still control soil properties in these
karst features.
While subsidence sinkholes maintain a fairly circular, bowl-like shape throughout
their evolution (Delle Rose et al., 2004; Radulović, 2013), which should concentrate
pedogenic processes; from the observed results, karst features are likely disruptive to
pedogenesis by altering microclimate and increasing fluxes of matter and energy which
limits pedogenic processes. In the present study, common hallmarks of pedogenesis, such
as clay content and metal oxide concentrations were substantially lower in the toeslope, or
sinkhole base, as compared to the summit. In the described soil toposequences, we
observed less crystalline and amorphous metal oxide concentrations and substantially less
clay content in the base of the sinkholes compared to the summit positions. This result was
similar to the toposequences described in Prawito (1996), who found higher C levels in
sinkhole bases compared to higher landscape positions (Fig. 41), and also found less clay
in the toeslopes and more in the summit positions surrounding these features (Fig. 42).
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Figure 40. Depth-weighted C (%) showed a negative relationship with relative elevation (m) for both the current study sites and
Prawito (1996).
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Figure 41. Depth-weighted clay (%) exhibited a positive relationship with relative elevation (m) for both this study's sites
and the sites from Prawito (1996).
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While these observations confirmed our hypotheses that elevation and other
topographic variables exert a large control on pedogenesis and bulk soil properties, the
trends that we observed were largely opposite of what we expected. A possible explanation
is that slope and curvature, and not elevation, are largely responsible for constraining
pedogenesis in these features. Locally in Kentucky, flatter and more stable landscape
positions are found with better developed argillic horizons compared to soils formed on
steeper slopes (Karathanasis et al., 1991). In both sinkhole toposequences, depth to the first
Bt horizon was shallower in the summit than it was in the sideslopes. The Bt horizons in
both summit positions were also thicker, indicating more advanced argillic development
compared to other landscape positions (see Table 1). Additionally, we found strong
relationships between Fed and Sid concentrations and curvature, with more convex sites
having greater concentrations compared to concave sites. This result contradicts other past
work which found that concave positions should contain more free oxides (Swanson,
1985).
Soils at the base of the sinkhole were weakly developed compared to the soils at
the sinkhole summits (Frumkin et al., 2015). Sinkhole formation and evolution likely
disrupts pedogenesis through a constant flux of sediment out of the soil profile into karstic
features or fractures below the soil column. The greater turnover of soil materials likely
does not allow enough time for weathering processes to generate secondary clays and metal
oxides in the sinkhole bases (Yoo et al., 2007; Yoo and Mudd, 2008b). The sinkhole bases
are also more consistently wet, which may result in observed mineralogical differences.
For example, hematite may be dissolved preferentially compared to goethite under moister
hydroregimes (Boero and Schwertmann, 1987). This may explain the reduced redness
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rating values as a function of elevation, however, evidence of wetness, such as
redoximorphic features, were not observed in the toe- or footslope profiles of either
sinkhole.
Topography also influences soil weathering and therefore mineralogy (e.g., Yoo et
al., 2009; Lybrand and Rasmussen, 2015). The same study from west-central Kentucky
mentioned above found that kaolinite was more abundant in upland soils (Karathanasis et
al., 1991). While Karathansis and Golrick (1991) focused on the influences of loess
additions to sandstone soils, the modern soils from this study also identified vermiculite
and mica, both of which were found in our study soils. Karathansis and Golrick cited soil
mixing (a result of topography) as an important predictor of the mineralogical composition
of soils, which may also be a factor in the present study due to similarities in mineral
assemblage between pedons. A study examined the mineralogy of soils along a
toposequence in Iran (xeric moisture regime, mesic temperature regime) found similar clay
minerals along their toposequence, but relative quantities of the identified minerals varied
(Hajirasouli et al., 2010). Similarly, in the present study, we did not observe major
differences between many of the identified minerals. Had quantitative mineralogy been
done, it would have been possible to make comparisons in terms of amounts of minerals
present. For example, in the case of goethite, this would be important for estimating how
much of the carbon being stored in these features is due to mineral-organic associations.
Hajirasouli et al. (2010) identified drainage as an important factor in the variable
mineral weathering rates that lead to mineralogical differences. While sinkholes collect
water and are generally wetter in the base, karst lithologies are usually highly porous,
meaning there often are not as many indicators of poor drainage or anaerobic conditions as
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expected (Li et al., 2019). There were no identified redoximorphic features in the bases of
our study sinkholes but even slight changes in duration of saturation can affect mineral
weathering, with chemical weathering being the most intense in moist soils with high biotic
activity (Dethier et al., 2012).
Soil carbon is tied to hillslope position, among other topographic factors (Hancock
et al., 2010; Chirinda et al., 2014; Conforti et al., 2020). Carbon and nitrogen are
redistributed across hillslopes (Berhe et al., 2007; 2018), which results in important soil
organic matter transformations and storage dynamics. Similar to numerous other soil
toposequence/catena studies, we found that the deeper and potentially wetter soils in the
toe- and footslope positions contained greater amounts of carbon and nitrogen compared
to the sideslope, shoulder, or summit positions (Chirinda et al., 2014; Conforti et al., 2020).
While most past work was not examining karstic soils, we noted similar results in the
present study, as higher total carbon concentrations were found in the sinkhole bases
relative to the summit. On the local-landscape scale (i.e., 10s to 100s of meters),
topographic variable such as elevation may primarily explain trends in soil carbon and
nitrogen (Zhu et al., 2019).
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Soil Carbon Storage in Karst Environments
Considering how widespread karst terrain is throughout the world, approximately
20% of the ice-free surface of the Earth (Ford and Williams, 2007), any trends with regards
to carbon storage would have broad implications to how carbon in soils is quantified in
these regions. Our results showed that total C was generally higher in the bases (foot- and
toeslope sampling locations) of study sinkholes which suggests that these features act as
carbon sinks. Trends in carbon storage and silt content across the hillslopes of the present
study are complementary, which is not uncommon on most hillslopes (Litaor, 1992; Sollins
et al., 1996; John et al., 2005), which may indicate that the soil carbon is less likely to be
minerally-associated. This relationship may be driven by the preferential loss of clay-sized
particles from the soil profiles in the sinkhole base/toeslopes to underlying karst features,
which would enhance the relationship between silt and carbon.
While we did not find significant relationships between dithionite-extractable Fe or
Al, clay content, or exchangeable Ca and total C, total N, or C:N ratios (Rasmussen et al.,
2018), we did observe that the ratios of Feo/Fed and Fep/Fed explained trends in total C,
total N, and C:N ratios across the soil toposequences. Soil organic matter adsorbs to the
surface of metal oxides, which stabilizes and protects the organic matter from
mineralization for substantial periods of time (Kaiser and Guggenberger, 2007; Nguyen et
al., 2019). For example, the low Feo/Fed ratios are also indicative of goethite, which may
explain the lack of red colors in the sinkhole toeslopes (Schwertmann and Taylor, 1989).
Soil organic matter also has the potential to adsorb to goethite, which may explain the
strong correlation between Feo/Fed and total carbon (Kleber et al., 2005; Kaiser and
Guggenberger, 2007). Not surprisingly the relationship between Fep/Fed and total C, total
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N, and C:N was strong, which was expected given that the Fep/Fed indicates the degree of
Fe complexed by SOM. The relative proportion of SRO Fe oxides and organo-complexed
Fe relative to crystalline or free Fe oxides may largely explain the trends in total C, total
N, and C:N ratios observed in the study pedons.
In addition to the relationships between Feo/Fed and Fep/Fed, goethite was also
reported in some of the pedons selected for XRD analysis. Goethite has been shown to
readily form mineral-organic complexes, or associations (Tipping, 1981; Kaiser and
Guggenberger, 2007; Nguyen et al., 2019). These associations both protect and stabilize
SOC from microbial decomposition/mineralization (Schimel et al., 1994; Guggenberger
and Kaiser, 2003; Keil and Mayer, 2013; Nguyen et al., 2019). The identification of
goethite in study soils suggests that these complexes play an important role in SOC storage
in these soils and also identifies a potential mechanism facilitating SOC storage. Shang and
Tiessen (2003) also did not find relationships with sesquioxide content and SOM
accumulation in the karst soils of the Yucatan Peninsula similar to our results here.
However, unlike Shang and Tiessen (2003), we did find significant relationships with the
relative proportion of poorly-crystalline or complexed oxides to crystalline oxides. One
possible explanation is that the relative proportion of poorly crystalline oxides to crystalline
oxides is a better indicator of available binding sites for organic matter compared to the
absolute magnitude. A second possibility is that as material is constantly added to the
sinkhole bases, a mix of minerals may be added from the surrounding hillslopes, such that
the relative mix of mineralogy is a better predictor of soil carbon storage.
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Implications for Karst Sinkhole Evolution

The size of karst sinkholes may be related to their age. However, the rate of
dissolution of soluble bedrock and the removal of weathering products also influences
sinkhole evolution. These weathering processes are variable and are controlled by climate
as well as the soil thickness (Dong et al., 2019) and the age of the soil surface (Bautista et
al., 2011). Dissolution of the bedrock below a sinkhole can be slowed by limited reactants
(e.g., water limitation due to drought, CaCO3 limitation due to depletion of bedrock, or soil
depth) which would alter aboveground expression (Dreybrodt, 1988). Soil formation and
pedogenesis would still occur but these processes would occur on more stable topography
(assuming no more subsidence) and may link sinkhole evolution to soil development.
Ultimately, unless a specific site has been consistently monitored, it is not possible to
quantify the exact age at which the ground surface began to subside, however, studying the
soils within these features may provide relative age estimates.
In karst terrains, landscape position stability plays an important role in profile
development and horizonation. As these karst features age, they are generally deepening
and widening, while gaining material from the surrounding landscape and exporting
material to the epikarst and karst below the soil surface (Delle Rose et al., 2004). These
processes (dissolution, openings in underlying bedrock, water movement though the
feature) will continue as long as the reactants are present and the products are exported
(Dreybrodt, 1988). If subsidence/dissolution slows or export of material becomes limiting,
the soils within these features may experience greater pedogenesis, linking soil profile
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morphology and properties to the onset of karst feature stability, thus providing a relative
age.
For the present study’s sites, there were no available historic records with details of
feature growth. However, based on our observations, we expect that sinkhole 1 is an older
feature relative to sinkhole 2. Sinkhole 1 is substantially larger than sinkhole 2 (Paylor et
al., 2003). In addition, soils of sinkhole 1 had higher redness ratings as well as higher clay
percentages compared to sinkhole 2. In general, sinkhole 1 also exhibited greater Fed
concentrations. Based on the larger size, higher clay content, redness rating, and Fed
concentrations, we expect that sinkhole 1 is an older feature compared to sinkhole 2. Since
sinkhole formation and weathering are on-going processes, we would expect to observe
that karst landscapes with substantial sinkhole distribution have more variable spatial
distribution of bulk soil properties than previously anticipated. This spatial variability may
have important implications in the development of karst, the weathering of soluble
bedrocks, and larger-scale earth surface processes.
2.5

Conclusions
Sinkholes are abundant in the Inner Bluegrass, as well as globally, which makes them

important features to include when considering how they influence biogeochemical
cycling. As the climate continues to change, it will become increasingly important to
understand how carbon cycles through and is stored in soils. The present work suggests
that carbon is being held in higher amounts in the base of sinkholes relative to adjacent
limestone soils under similar management. Greater integration of pedogenesis with our
understanding of karst hydrology is needed to better identify the forms of carbon being
lost, the rates of chemical weathering, and the role of soils in karst hydrologic functioning.
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Consideration of the predicted climate and weather patterns, as well as vegetation, would
be beneficial to the understanding of how sinkhole soils may impact karst hydrology over
the next century.

CHAPTER 3. SUMMARY
The data presented in Chapter 2 demonstrated that the soil in karst subsidence
sinkholes has identifiable trends related to hillslope position and depth that have the
potential of being applied to other sinkholes in the study region. Sample depth and
elevation (which was related to sampling location along the hillslope) explained many of
the trends in bulk soil physical, chemical, and mineralogical properties. Soil carbon was of
interest in this study because of its role in the global carbon cycle and the increasing need
to understand exactly how carbon is cycled and stored in soils (Minasny et al., 2017). Since
soils are the largest terrestrial sink of carbon (Jobbagy and Jackson, 2000) understanding
the dynamics of carbon in various environmental systems, such as karst terrains, is needed.
If a sinkhole can be thought of as a bowl, there is a hillslope at every point along
the sides of the bowl. The base of the sinkhole (where the toeslopes converge) will see the
concentration of water and sediment that moves down slope. In the present study, the effect
of this concentration resulted in high total carbon, which, as discussed in Chapter 2, will
likely lead to increased C storage in these karst features.
There are, of course, different types of karst; limestone, dolomite, gypsum, and
marble are all lithologies that are conducive to karst feature formation (Stokes et al., 2010).
The combination of lithologies that differ in composition and purity, coupled with other
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factors such as climate and structural controls means that karst is expressed differently.
Although over half (approx. 55%) of Kentucky alone has observable karst features
(Currens, 2012), the morphology is variable. For example, the upland areas of the
Pennyroyal region of western KY are also underlain by limestone, but this region has
rougher topography compared to the Inner Bluegrass, with more abundant sinkholes and
knobs and elongated depressions (Newell, 2001). Even the subtle lithologic changes
between the Inner and Outer Bluegrass change the observed karst feature expression.
Even though the factors controlling sinkhole expression might change, we expect
the general trends identified to hold true across most sinkholes; water and sediments
moving downslope will continue to be concentrated in the toeslope. An important finding
from the present study was the presence of goethite in some samples. The mineral-organic
complexes that often form with goethite slow or prevent the microbial degradation of
organic matter, resulting in long term storage of SOC (John et al., 2005; Helfrich et al.,
2007; Poeplau et al., 2013). Goethite is often present in more highly weathered soils, and
is therefore expected in tropical environments where there is often karst. Hematite, another
Fe oxide, is often more abundant in red, tropical soils and also forms associations that
protect and store SOC.
Knowing that these features contain high amounts of carbon is important to
understanding how they function in the context of not only their specific karst region, but
also how they play into the global C cycle. Understanding the mechanisms that are
controlling the increased C storage in karst sinkholes is vital to quantifying their potential
to hold onto C for long periods of time in the future. Ensuring that these features are able
to function naturally and without disruption in the form of intensive agricultural practices
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or spreading urbanization is vital to maintaining the increased levels of C storage in these
features.
Aside from carbon storage, dissolution sinkholes represent a unique karst feature
that allows for the effect of a single soil forming factor (topography) to be studied. The
present study examined bulk soil properties from 2 toposequences, both on the south-facing
slope. In the future, it would be beneficial to examine the corresponding soils on the northfacing slopes. We expect to observe higher OM concentrations and potentially lessweathered minerals. Differences in both the amount of SOC stored and the mechanisms
controlling storage would be important to identify.
Given the widespread occurrence of karst sinkholes, the results of the present study
are widely applicable. It will be important to monitor changes to subsidence morphology
and how soils are weathered. Changes to mineralogy with age have implications for carbon
storage, as well as other nutrient storage. Connecting these changes to belowground
systems represents a unique challenge that require a multidisciplinary approach.
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APPENDIX

Appendix 1. Select bulk physical property data for all study soils.
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Appendix 2. pH and electrical conductivity data for all study samples.
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Appendix 3. Loss on ignition and gravimetric water content for study soils.
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Appendix 4. Diffractogram with all 5 treatments for the clay slide from sinkhole 1, summit pit Ap1 horizon
(0-7cm depth).
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Appendix 5. Diffractogram with all five treatments for the clay slide from sinkhole 1, summit pit 2Bt2
horizon (38-59cm depth).

89

Relative Intensity

K 550°C
K 300°C
K 100°C
K
Mg + Glycerol
Mg

0

10

20

30

40

2°θ

Relative Intensity

Appendix 6. Diffractogram with all five treatments for the clay slide from sinkhole 1, summit pit 2Btgss
horizon (185+cm depth).
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Appendix 7. Diffractogram with all five treatments for the clay slide from sinkhole 1, toeslope pit Ap
horizon (0-8cm depth).
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Appendix 8. Diffractogram with all five treatments for the clay slide from sinkhole 1, toeslope pit Bt1
horizon (41-74cm depth).
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Appendix 9. Diffractogram with all five treatments for the clay slide from sinkhole 1, toeslope pit 2BCt
horizon (156+ cm depth).
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Appendix 10. Diffractogram with all five treatments for the clay slide from sinkhole 2, summit pit Ap
horizon (0-15cm depth).
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Appendix 11. Diffractogram with all five treatments for the clay slide from sinkhole 2, summit pit Bt2
horizon (29-53cm depth).
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Appendix 12. Diffractogram with all five treatments for the clay slide from sinkhole 2, summit pit 2BCt
horizon (124-150cm depth).
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Appendix 13. Diffractogram with all five treatments for the clay slide from sinkhole 2, toeslope pit Ap
horizon (0-6cm depth).
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Appendix 14. Diffractogram with all five treatments for the clay slide from sinkhole 2, toeslope pit Bt3
horizon (46-77cm depth).
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Appendix 15. Diffractogram with all five treatments for the clay slide from sinkhole 2, toeslope pit BC4
horizon (148+cm depth).
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Appendix 16. Mineralogy table for sinkhole 1 Ap1 horizon (0-7cm).

Appendix 17. Mineralogy table for sinkhole 1 2Bt2 horizon (38-59cm).

Appendix 18. Mineralogy table for sinkhole 1 2Btss horizon (185+cm).
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Appendix 19. Mineralogy table for sinkhole 1 toeslope Ap horizon (0-8cm).

Appendix 20. Mineralogy table for sinkhole 1 toeslope Bt1 horizon (41-74cm).

Appendix 21. Mineralogy table for sinkhole 1 toeslope 2BCt horizon (156+cm).
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Appendix 22. Mineralogy table for sinkhole 2 summit Ap horizon (0-20cm).

Appendix 23. Mineralogy table for sinkole 2 summit Bt2 horizon (29-53cm).

Appendix 24. Mineralogy table for sinkhole 2 summit 2BCt horizon (124-150cm).
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Appendix 25. Mineralogy table for sinkhole 2 toeslope Ap horizon (0-6cm).

Appendix 26. Mineralogy table for sinkhole 2 toeslope Bt3 horizon (46-77cm).

Appendix 27. Mineralogy table for sinkhole 2 toeslope BC4 horizon (148+cm).
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